Abstract. A global chemistry-climate model has been used to study the impacts of pollutants released by agriculture on fine particulate matter (PM 2.5 ), with a focus on Europe, North America, East and South Asia. Simulations reveal that a relatively strong reduction in PM 2.5 levels can be achieved by decreasing agricultural emissions, notably of ammonia (NH 3 ), released from fertilizer use and animal husbandry. The absolute impact on PM 2.5 reduction is strongest in East Asia, even for small emission decreases. Conversely, over Europe and North America, aerosol formation is not immediately limited by the availabil-5 ity of ammonia. Nevertheless, reduction of NH 3 can also substantially decrease PM 2.5 concentrations over the latter regions, especially when emissions are abated systematically. Our results document how reduction of agricultural emissions decreases aerosol pH due to the depletion of aerosol ammonium, which affects particle liquid phase and heterogeneous chemistry. Further, it is shown that a 50% reduction of agricultural emissions could prevent the mortality attributable to air pollution by ∼ 250 thousands people per year worldwide, amounting to reductions of 30%, 19%, 8% and 3% over North America, Europe, East 10 and South Asia, respectively. A theoretical 100% reduction could even reduce the number of deaths globally by about 800 thousand per year.
analysis on the global scale was performed by Lee et al. (2015) , who showed the importance of ammonia as a contributor to mortality attributable to air pollution. Nevertheless, Lee et al. (2015) assumed an ammonia reduction of 10%, and the health effects were linearized around the present-day concentrations. As the exposure-response functions, linking PM 2.5 to mortality attributable to air pollution, are highly non-linear at relatively low concentrations, the mortality reduction estimation could change drastically for strong reductions of ammonia emissions. Therefore, in this work, more aggressive reductions are studied 5 (see Sect.2).
Furthermore, there is a need to investigate the impact of NH 3 emission reductions not only on PM 2.5 concentrations, but also account for particle acidity and aerosol composition. The goal of this work is to understand the impact of global agricultural emissions on model simulated PM 2.5 concentrations, the effects on aerosol pH and the potential consequences for human health, with a focus on four continental regions where air quality limits and guidelines for PM 2.5 are often exceeded, i.e.,
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North America, Europe, South and East Asia. North America is defined as the region that encompasses the U.S.A and Canada, Europe is represented by the European continent (including Turkey) excluding Russia, South Asia includes India, Sri Lanka, Pakistan, Bangladesh, Nepal and Buthan, while the East Asia region includes China, North and South Korea, and Japan (see This work may also support policy actions aimed at controlling ammonia emissions, e.g., formulated in the European Union
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Clean Air Program (http://ec.europa.eu/environment/air/pollutants/ceilings.htm) which sets ceilings for national emissions for sulfur dioxide, nitrogen oxides, volatile organic compounds, fine particulate matter, and also for ammonia.
Methodology
In this study the EMAC (ECHAM5/MESSy Atmospheric Chemistry) model version 1.9 was used. EMAC is a combination of the general circulation model ECHAM5 (Roeckner et al., 2006, version 5.3.01 ) and the Modular Earth Submodel System Bulk natural aerosol emissions (i.e., desert dust and sea spray), are treated using offline monthly emissions files based on AEROCOM (Dentener et al., 2006) and hence are independent of the meteorological conditions. The atmospheric chemistry is simulated with the MECCA (Module Efficiently Calculating the Chemistry of the Atmosphere) submodel by Sander et al. (2005 Sander et al. ( , 2011 , and the aerosol microphysics and gas-aerosol partitioning are calculated by the Global Modal-aerosol eXtension (GMXe) aerosol module (Pringle et al., 2010a, b) . Gas / aersosol partitioning is calculated using the ISORROPIA-II model 5 (Fountoukis and Nenes, 2007; Nenes et al., 1998a, b) . Following the approach of Pozzer et al. (2012b) , the year 2010 is used as reference year, and the feedback between chemistry and dynamics was switched-off, and therefore all simulations described here are based on the same (binary identical) dynamics and consequent transport of tracers.
Although Pozzer et al. (2012a) (van Donkelaar et al., 2010) ; the results are shown in Fig.2 and are summarized in Tab.1, also focusing on the four regions focus of this study (i.e., North America, Europe, South and East Asia). Compared to global satellite derived PM 2.5 concentrations this model version, with prescribed dust emissions, consistently overestimates PM 2.5 over desert areas (see Fig.2 ). However, the average concentration of PM 2.5 at the surface in the regions of interest is within 30% of 15 the observations. For Europe and South Asia, 95% of the simulated PM 2.5 concentrations are within a factor of 2 of the observations, while for North America and East Asia this is about 80%. (2006)). As the nitrate concentrations seems to be on the high end of the observations, it must be acknowledged that the effect of reducing ammonia emissions from agriculture could be overestimated. On the other hand, nitrate predictions are in a good agreement with the measurements over East Asia. Further, ammonium concentrations are well captured by the model, with more than 75% of the modeled results being within a factor of 2 compared to observations. For ammonium, the annual averages estimated from model results compare well with the observations (see Tab. 2). Further, as shown by Pozzer et al. (2012a) , simulated seasonal cycle of ammonium concentrations compares well with the observed one, both for Europe and Asia (with temporal correlations 5 between model results and observations above 0.7 and 0.5, respectively). However, this is not the case on the East Coast of the USA, where the correlation is below 0.2. As suggested by Pozzer et al. (2012a) , this is due to the wrong seasonality of the ammonia emissions, driven by an understimation of the livestock emissions, which have a maximum in summer and should account for 80% of the annual N H 3 emissions in the region (Battye et al., 2003) . The agricultural emissions of ammonia in this region in the model reproduce mostly the fertilizer application as described by Goebes et al. (2003) and therefore the real The NO x emissions from agriculture are 0.7 Tg(N)/yr, i.e., only ∼ 1.7% of the total NO x emissions. Most importantly, 34.3 Tg(N)/yr of NH 3 are emitted by agricultural activities, such as livestock manure and N mineral fertilizers, accounting for ∼ 80% of the anthropogenic and ∼ 67% of the global total ammonia emissions.
Agricultural waste burning is responsible for the emissions of 0.1 Tg(S)/yr of SO 2 (less than 1% of the total SO 2 emissions) 20 and 23.2 Tg(C)/yr of CO (∼ 5% of the total CO emissions), as well as 0.4 and 1.9 Tg(C)/yr of Black Carbon (BC) and Organic Carbon (OC), respectively, representing in both cases ∼ 5% of their total emissions.
Considering these emission magnitudes, the main effects of agricultural emissions on PM 2.5 are expected from NH 3 through gas-particle partitioning. Therefore, the ammonia emissions used in this work have been compared to other used databases, for EDGAR-CIRCE, EDGARv4.3.1 and RCP85, respectively). This reflects the uncertainties in the emission estimates of ammonia which could be up to 50% on a local scale (Beusen et al., 2008) . The implementation of bidirectional exchange of ammonia between soil and atmosphere may improve the emissions from livestock, although this approach is still associated with underestimates of emissions (Zhu et al., 2015) . Further, ammonia emitted from traffic is included (∼ 1% of total ammonia 30 emissions) although toward the lower end of what has been estimated by Sun et al. (2016) .
As shown by Lorenz and Steffens (1997); Webb et al. (2006) ; Kai et al. (2008) , a sustainable reduction of ammonia emissions between 20% to 90% could be achieved, depending on the emission process and the methodology applied (e.g., slurry acidification, adjustment in slurry application, under-floor drying of broiler manure in buildings, replace urea with ammonium nitrate).
As the efficiencies of the abatement processes are not well established (Misselbrook et al., 2002) , fixed relative reductions have
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been applied here to all agricultural emissions. Webb et al. (2006) showed that for the United Kingdom a moderate reduction in ammonia emission is easily affordable, while the costs are likely to increase exponentially for reductions above 25%. The same control measures would become even more difficult to apply in countries where livestock production is projected to largely increase (such as the Asia region (Delgado et al., 2001 )), where these should be adopted massively. 3 Results and discussion 
). This is related to the lower boundary layer height in winter, and hence less dilution of the emitted tracers, although in the Northern Hemisphere the ammonia winter emissions are generally lower than during summer time.
The total PM 2.5 sulfate (i.e., SO 2− 4 + HSO − 4 ) is not directly affected by NH 3 emission reductions since it can exist in the aerosol phase in the form of ammonium sulfate or ammonium bisulfate, depending on the ammonium concentration.
However, sulfate formation in the aqueous phase is limited by high acidity. As a consequence, the SO 2− 4 concentration in PM 2.5 decreases, annually averaged, by 11%, 23%, and 75% over Europe, by 15%, 28% and 57% over North America, by 3%, 7% and 50% over South Asia, and by 18%, 36% and 74% over East Asia for a reduction of 50%, 75% and 100% of agricultural emissions, respectively. This is counterbalanced by an increase of HSO − 4 concentrations. For Europe and North America, the simultaneous decrease of nitrate and ammonium, makes the reduction of agricultural 10 emissions very effective, especially during winter, in accord with the findings of Tsimpidi et al. (2007) and Megaritis et al. (2013) . Furthermore, the relationship between ammonia and PM 2.5 concentrations is not linear, and is governed by the sulfate/nitrate ratio (Tsimpidi et al., 2007) . Our EMAC simulations reveal that the PM 2.5 response to NH 3 emissions is more linear during winter (compared to summer) since the sulfate/nitrate ratio is generally lower. indicate that in Europe and East Asia (both with PNR equal to 0.20) ammonia concentrations must be decreased relatively more strongly than in North America and South Asia (PNR equal to 0.13 for both regions) to reach the ammonia limited regime, i.e., before PM 2.5 can be efficiently controlled by decreasing NH 3 emissions. On the other hand, the absolute reduction in PM 2.5 depends on the fraction of fine particulate mass that is directly ammonia sensitive. As a consequence, Europe has the overall largest potential of reducing annual averaged PM 2.5 by strongly controlling NH 3 emissions (up to 34%), followed by
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North America (up to 16%) and East Asia (up to 13%), while South Asia has very limited potential (up to 6%). Thus it follows that, although the emission decrease needed in Europe to reach the ammonia limited regime is larger than in North America, the effective gain of further reduction -once this regime is reached -is considerably larger. In East Asia, where PM 2.5 is not ammonia limited, even strong emission decreases would reduce the PM 2.5 mass by up to to 13% on annual average.
Impact on particle pH
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In addition to the significant reductions in PM 2.5 from ammonia emission controls, which are considered beneficial for human health, we note that the aerosol pH can change substantially. This has the potential of altering the particle liquid phase and heterogeneous chemistry, including reactive uptake coefficients and the outgassing of relatively weak acids, and the pH of cloud droplets that grow on aerosols, which in turn affects aqueous phase sulfate formation. Ammonia is in fact the most abundant and efficient base that controls the aerosol composition over anthropogenically influenced regions, and neutralizes sulfuric, 11 pH units, respectively) , smaller decreases over North America (0.16 , 0.29 and 0.51 pH units, respectively) , while the largest decreases are present over South Asia (0.56, 0.99 and 1.72, pH units, respectively) . Over South Asia, the impact of ammonia emissions reduction on pH is the largest (see Fig. 6 ) despite the relatively small impact of the same changes on PM 2.5 . This is due to the high sulfate concentrations, which are neutralized in decreasing order by the presence of ammonium 5 in the three sensitivity simulations. The pH of PM 2.5 is therefore more sensitive to ammonia emissions (and its atmospheric concentrations) than sulfate, as shown by Weber et al. (2016) . This increase of acidity for reduced ammonia emissions would have strong influence on halogen activation and aerosol-gas equilibrium of weak acids in the atmosphere.
Contrary to what was found for PM 2.5 , the reduction of pH is larger during summer than during winter. This is due to the lower concentrations of ammonia in the aerosol phase during summer (see Sect. 3.1), i.e., with relatively low neutralization 10 capability in this season. Therefore, any further reduction of ammonia emissions would strongly reduce the neutralization potential, and therefore increase even more drastically the acidity of the particles.
It should be mentioned that in the present calculations the chemical impact of alkaline desert dust is not taken into account, which can contribute significantly to PM 2.5 over areas downwind of the deserts (Karydis et al., 2016), e.g., over the Indian subcontinent in the dry season and over East China during spring (Wang et al., 2013) , so that the pH effect described here is 15 probably an upper limit. This topic is subject of a publication in preparation.
Impact on public health
From the simulated PM 2.5 concentrations, the mortality attributable to air pollution has been calculated following the method of Lim et al. (2013) and described in detail in Lelieveld et al. (2015) . The exposure-response functions of Burnett et al. (2014) is used, which shows how fine particulate matter is associated with health impacts, through chronic obstructive pulmonary disease 20 (COPD), acute lower respiratory infections (ALRI), cerebrovascular disease (CEV), ischaemic heart disease (IHD), and lung cancer (LC). Here mortality attributable to PM 2.5 at 50% relative humidity has been estimated, thus not accounting for ozone related mortality through COPD, which is ∼ 5% of the total mortality attributable to air pollution (Lelieveld et al., 2015) . The model results where interpolated to the finer grid of the population map (Center for International Earth Science Information Network , CIESIN) and, due to the coarse model resolution used in this study, it is expected to have an underestimation of 25 exposure in urban areas. As discussed in the supplement of Lelieveld et al. (2015) , an uncertainty range of about ±50% is estimated for the mortality attributable to air pollution. The results, presented in Tab. 4 and Fig.7 , show that a reduction of 50% in agricultural emissions could have a large impact on air pollution related mortality, reducing it worldwide by ∼ 8% i.e., affecting 250 (95% confidence interval (CI): 148-290) thousand people/year. North America would benefit from a large relative change, reducing the number of deaths by ∼ 30% (16 (95% CI: 10-19) thousand people/year), followed by Europe (∼ 19%, 45-110) (Table 4 ).
Ammonia reduction policies should consider the intricate and non-linear effects through gas-aerosol partitioning and multi-5 phase chemistry (including aerosol pH changes) and therefore a coherent decrease of ammonia, nitrogen and sulfur emissions is recommended. A coupled reduction of NH 3 and acid precursor emissions (e.g., SO 2 ) cannot only limit the decrease in aerosol pH but can also lead to a more efficient reduction of PM 2.5 concentrations than an NH 3 emission control alone, as shown by (Tsimpidi et al., 2007) . In the electronic supplement, a table showing the changes in mortality for the top 100 most populated countries is presented. Consistently with the results of Lee et al. (2015) , Central and East European countries would benefit 10 strongly from agricultural emission reductions , decreasing drastically the per capita air pollution related mortality. This can be seen also in Fig. 5 , as the strongest relative changes in PM 2.5 due to agricultural emissions reduction are found in Central and East Europe, where a 50% emission reduction would decrease mortality attributable to air pollution by ∼ 15-20%.
It must be emphasized that, although many epidemiological studies have linked long term PM 2.5 exposure to public health outcome, it is yet unclear if any particular aerosol components and/or source categories are predominantly responsible for air 15 pollution related mortality. The debate is open and firm conclusions of a specific relationship have not been reached (Harrison Therefore, emission control policies, especially in North America and Europe, should involve strong ammonia emission decreases to optimally reduce PM 2.5 concentrations, as well as further reduction in sulfur and nitrogen oxides emissions to avoid strong acidification of particles. 
